The Organic Hydroperoxide Resistance (Ohr) family of 15-kDa Cys-based, thioldependent peroxidases is central to the bacterial response to stress induced by organic hydroperoxides, but not by hydrogen peroxide. Ohr has a unique three-dimensional structure and requires dithiols, but not monothiols, to support its activity. However, the physiological reducing system of Ohr has not yet been identified. Here we show that lipoylated enzymes present in the bacterial extracts of Xylella fastidiosa interacted physically and functionally with this Cys-based peroxidase, whereas thioredoxin and glutathione systems failed to support Ohr peroxidase activity. Furthermore, we could reconstitute in vitro three lipoyldependent systems, as the Ohr physiological reducing systems. We also showed that OsmC from Escherichia coli, an orthologous of Ohr from Xylella fastidiosa, is specifically reduced by lipoyl-dependent systems. These results represent the first description of a Cysbased peroxidase that is directly reduced by lipoylated enzymes.
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Release of oxidants is one of the main responses of a host against pathogens. During host-pathogen interactions, in an attempt to kill the pathogen, plant or animal hosts generate various oxidants by enzymatic systems (1) (2) (3) . For instance, organic hydroperoxides are oxidants that can be formed by the reaction of molecular oxygen with unsaturated fatty acids catalyzed by lipoxygenases in response to pathogen infection (4) (5) (6) (7) . To counteract this oxidative stress, pathogens have developed various antioxidant pathways (8, 9) . Organic Hydroperoxide Resistance Protein (Ohr) is a Cys-based, thiol-dependent peroxidase that plays a central role in the response of bacteria against organic peroxide-induced insult (10) . Ohr is exclusively present in bacteria (most of them pathogenic) and possesses a unique alpha/beta fold that is not observed in the structures of peroxiredoxins and glutathione peroxidases (11, 12) . Ohr peroxidase activity requires reduction of the enzyme's disulfide group formed upon catalytic reduction of the organic hydroperoxide (13) . However, the enzyme's physiological reducing agent has not yet been identified. Ohr belong to a family of proteins that also comprise osmotically inducible protein (OsmC). These proteins were initially identified as part of the bacterial response to osmotic stress (14) . On the basis of sequence analysis, Atichartpongkul et al (2001) proposed Ohr and OsmC homologues as two protein subfamilies (10) . Later on, it was demonstrated that OsmC enzymes also possess thiol-dependent peroxidase activity and share the same structural fold with Ohr proteins (15, 16) . Because only dithiols, but not monothiols, can be utilized by Ohr, we and others hypothesized that lipoate may act as a natural reducing agent of Ohr (11, 13, 17) . Lipoate is a dithiol/disulfide redox compound well known to play important roles in metabolic pathways due to its capacity to serve as a cofactor in the multienzyme complexes that catalyze the oxidative decarboxylation of alpha-keto acids (18). Besides lipoylated E2 subunits, 2-oxo acid dehydrogenase multienzyme complexes also contain E3 subunits with dihydrolipoamide dehydrogenase (Lpd) activity that can catalyze the redox processes between lipoylated E2 enzymes and NADH/NAD + in both reductive and oxidative directions (19) . Free dihydrolipoate, the reduced form of lipoate, has also been reported to scavenge free radicals and other oxidants (20) . However, the cellular availability of free lipoate is significantly lower than that of other endogenous low molecular weight antioxidants such as GSH and ascorbic acid (21) . Xylella fastidiosa is a gram-negative, xylemlimited phytopathogenic bacterium that is the causative agent of several economically important diseases, such as citrus variegated chlorosis (CVC) and Pierce´s disease in citrus and grapes, among other plants (22) . Here, we show that peroxidase activity of Ohr from Xylella fastidiosa is supported by lipoylated proteins, but not by thioredoxin and glutathione systems. Therefore, this data represent a previously undescribed enzymatic activity. We also showed that OsmC from Escherichia coli is specifically reduced by lipoyl-dependent systems.
Experimental Procedures
Reagents-All reagents purchased had the highest degree of purity. Lipoic acid was purchased from SIGMA (St. Louis, Missouri, USA) in its oxidized form. It was solubilized in a phosphate buffer solution through the high pH method (23) . Lipoamide was purchased from SIGMA in its oxidized form. A stock solution was prepared by diluting lipoamide to 100 mM in absolute methanol. Lipoamide (purchased from SIGMA T-5875) was reduced through the addition of sodium borohydride (purchased from SIGMA S9125) as described previously (24) . All commercial enzymes utilized in this paper were purchased from SIGMA [Glutaredoxin 1 (G-3531) ® II -Bio-Rad) with the expression vectors and cultured to increase plasmid production. Plasmid extraction was performed using Perfectprep ® plasmid mini (Eppendorf). BL21(DE3) and AD494(DE3) strains were transformed by electroporation. SucB and PDHB genes were transformed into Bl21(DE3) cells, and Lpd and LpdA genes were transformed into AD494(DE3) cells. The resulting strains were used for expression and purification of the Lpd, LpdA, SucB, PDHB recombinant proteins. OsmC gene was expressed in E. coli DH5-α strain. Cloning, expression and purification of Ohr were performed as previously described (13) .
Protein expression and purificationBl21(DE3) strains transformed with pET15b/PDHB and pET28a/sucB, AD494 strains transformed with pET15b/lpd and pET15b/lpdA were cultured (50 ml) overnight in LB medium containing the appropriate antibiotics. Each culture was transferred to 1 L of fresh LB + antibiotics and grown until the OD reached 0.6-0.8. Isopropyl-1-thio-β-D-galactopyranoside (IPTG) was then added to a final concentration of 0.1 mM. The cells were grown overnight at 20 o C and were then harvested by centrifugation. For the expression of lipoylated enzymes from the strains containing pET15b/lpdA, pET15b/PDHB and pET15b/sucB, 300 µg/ml of lipoic acid was added to the culture medium ensure maximum lipoylation of these proteins. For DH5-α strain transformed with pPROEX/OsmC, IPTG was added to a final concentration of 1 mM and cells were grown for three hours at 37°C and were then harvested by centrifugation.
The pellets were washed and resuspended in start buffer (phosphate buffer, 20 mM, pH 7.4). Eight cycles of 25 s of sonication (40% amplitude) followed by 50 s on ice were applied to cell suspensions. Cell extracts were kept on ice during 1% streptomycin sulfate treatment for 20 min. The suspension was centrifuged at 31,500 x g for 40 min to remove nucleic acid precipitates. Finally, the cell extracts were each applied to a nickel affinity column (Hi-trap from GE Healthcare). The conditions of protein purification were optimized using the gradient procedure for imidazole concentration described by the manufacturer. All recombinant proteins were quantified by A 280 through in silico prediction of extinction coefficients (http://au.expasy.org/tools/protparam.html). Lipoylated enzymes SucB and LpdA possess 1 mol of lipoate: 1 mol of enzyme, and PDHB possesses 2 mol of lipoate: 1 mol of enzyme.
Preparation of crude lysates from Escherichia coli and Xylella fastidiosa for immunodetection assays-Cell pellets from
Xylella fastidiosa J1A12 and E. coli DH5α (OD ≈ 0.6-1.0) were resuspended in phosphate buffer (50 mM, pH 7.4) containing NaCl (50 mM) and disrupted by sonication. Cell extracts were kept on ice during 1% streptomycin sulfate treatment for 20 min. The suspension was centrifuged at 31,500 x g for 40 min to remove nucleic acid precipitates. Total protein concentration was determined by the Bradford method (27) .
Immunodetection of lipoylated proteins and
Ohr-For immunodetection, the samples were run on SDS-polyacrylamide gels, and the gels were electroblotted onto a 0.45 µm nitrocellulose membrane in Tris-glycine buffer at 50 V for 90 min. Blotted membranes were blocked in phosphate buffered-saline (PBS) containing 0.1% Tween 20 (PBS-T) with 5% skim milk (BioRad) overnight at 4°C. The membrane was washed three times for 5 min with PBS-T and incubated with an anti-lipoic acid (1:5000 in PBS-T) or anti-Ohr (1:1000 in PBS-T) antibody for 1 h at RT followed by washing. The membrane was subsequently incubated with an anti-phosphatase rabbit antibody (1:1000) for one hour (purchased from the Kirkegaard & Perry laboratories, Inc., Gaithersburg, Maryland, USA). After washing, the proteins were detected following incubation with the BCIP/NBT phosphatase substrate. The levels of lipoylated proteins were quantitated by densitometry using Image Quant TL software (GE Healthcare, Pittsburgh, Pennsylvania, USA).
Immunoprecipitation of lipoic acid-
Immunoprecipitation was performed as follows: 1 mg of X. fastidiosa lysate (previously incubated for 30 min with Protein A Sepharose) were incubated with anti-lipoic acid (1:50) overnight at 4°C. Immune complexes were then incubated with Protein A Sepharose for 4 h at 4°C followed by centrifugation. The immunoprecipitate was washed five times with Tris-HCl buffer (20 mM), NaCl (300 mM) and boiled with 40 µL of sample buffer containing DTT (10 mM). Electrophoresis and transfer were performed. Blotted membranes were incubated with an anti-Ohr antibody (1:1000 in PBS-T) overnight at 4°C. The membrane was subsequently incubated with an anti-phosphatase rabbit antibody for one hour and proteins were detected following incubation with the BCIP/NBT phosphatase substrate (Kirkegaard and Perry laboratories).
Isolation of extracellular protein fraction-
To isolate secreted proteins as well as proteins weakly attached to the cell surface, we use a modified protocol from Smolka et al (28) . Briefly, 50 ml of Xylella fastidiosa was centrifuged, and the pellet was washed twice with buffer containing 10 mM TrisHCl (pH 8.8), 3 mM KCl, 50 mM NaCl, 5 mM EDTA and 1 mM PMSF. The supernatant from each washing step was precipitated with a cold ethanol:acetone:acetic acid (50:50:0.1 v/v/v) solution on ice for 30 min and solubilized in 50 µL of 10 mM Tris (pH 8.8), 0.5% SDS, 5 mM EDTA and 1 mM PMSF. After the washing steps, the pelleted cells were then lysed with 200 µL of the following solution: 10 mM Tris (pH 8.8), 0.5% (w/v) SDS, 5 mM EDTA and 1 mM PMSF. After the addition of 100 mM DTT, the proteins (from the supernatant and cellular fraction) were boiled for 3 min and loaded onto a 14% SDS-PAGE gel under reducing conditions. Following electrophoresis, the gel was transferred to a nitrocellulose membrane and incubated with an anti-Ohr antibody (1:1000) or an anti-lipoic acid antibody (1:5000) for 1 h at room temperature.
Disulfide reductase activity assay-The disulfide reductase activities of the reducing systems were determined using the DTNB [5, 5'-dithiobis-(2-nitrobenzoic acid), Elman's reagent] assay (29) . The reaction mixtures contained 50 mM sodium phosphate (pH 7.4), 1 mM diethylenetriamine pentaacetic acid (DTPA), 0.5 mM DTNB and 0.2 mM NAD(P)H and were carried out at 37°C and were initiated by the addition of NADH.
Peroxidase-coupled lipoamide system assay-
The peroxidase activity of Cys-based, thiol peroxidases were measured using recombinant Lpd or LpdA from X. fastidiosa, lipoamide or recombinant E2 enzymes from X. fastidiosa (PDHB or SucB). Decay due to NADH consumption was measured by A 340 (ε = 6290 M -1 .cm -1 ). The reaction mixtures contained 50 mM sodium phosphate (pH 7.4), 50 mM NaCl, 1 mM DTPA (pH 7.4) and 0.2 mM NADH. All reactions were performed at 37°C and were initiated by the addition of peroxide at various concentrations.
Peroxidase-coupled thioredoxin system assay-The peroxidase activity of Cys-based, thiol peroxidases, were measured using recombinant TSNC and TRR from X. fastidiosa or commercial thioredoxin and thioredoxin reductase from E. coli. Decay due to NADPH consumption was measured by A 340 (ε = 6220 M -1 .cm -1 ). The reaction mixtures contained 50 mM sodium phosphate (pH 7.4), 50 mM NaCl, 1 mM DTPA (pH 7.4) and 0.2 mM NADPH. All reactions were performed at 37°C and were initiated by the addition of t-BHP at various concentrations.
Peroxidase-coupled glutathione system assay-The peroxidase activity of Ohr from X. fastidiosa, OsmC from E. coli and human Gpx were measured using reduced glutathione and commercial Glutathione reductase from bakers' yeast. Decay due to NADPH consumption was measured by A 340 (ε = 6220 M -1 .cm -1 ) The reaction mixtures contained 50 mM sodium phosphate (pH 7.4), 50 mM NaCl, 1 mM DTPA (pH 7.4) and 0.2 mM NADPH. All reactions were performed at 37°C and were initiated by the addition of t-BHP at various concentrations.
RESULTS

Ohr interacts with lipoylated enzymes in vivo-
. Consistent with our hypothesis, we observed that Ohr co-precipitated with lipoylated enzymes (Fig. 1A) . Moreover, we observed that Ohr is present in the extracellular fraction (or weakly attached to the cell surface) along with a protein reactive to anti-lipoic acid that co-migrated with SucB, the E2 subunit of the α-ketoglutarate dehydrogenase complex (Fig.  1B, lanes 3, 4, 9, 10 ). Furthermore, another study detected Ohr and LpdA in the extracellular environment through proteomic analyses of X. fastidiosa (28) . LpdA is an enzyme harboring its own substrate, a lipoyl group (30) . Ohr was also found in the intracellular fraction of X. fastidiosa (Fig. 1B, lane 2) . Therefore, we investigated whether any other lipoylated proteins were present in this compartment. Immunochemical evidence indicated that all three lipoylated enzymes (LpdA, PDHB and SucB) predicted by the annotation of the X. fastidiosa genome (www.xylella.lncc.br) are present in the cell lysates (Fig. 1C) . Thus, in principle, all of these proteins could support Ohr peroxidase activity in the intracellular compartment. If this is the case, then the ability of X. fastidiosa lysates to support Ohr activity should be decreased if lipoylated proteins were immunodepleted. In fact, the removal of lipoylated proteins from X. fastidiosa and Escherichia coli lysates reduced the rate of NADH oxidation compared to the same preparation that was not immunodepleted with anti-lipoic acid (Fig. 1D) . The residual activity detected in the immunodepleted lysates correlated with the presence of lipoylated proteins that were not completely removed during the immunoprecipitation step ( Supplementary Fig.1 ).
Lipoyl-dependent peroxidase activity of Ohr-Next, we investigated the ability of Lpd from X. fastidiosa to alternatively function as a physiological reductant of Ohr instead of their classical function as oxidants during alpha-keto acid oxidative decarboxylation. Initially, the disulfide reductase activity of recombinant Lpd from X. fastidiosa in the presence of free lipoamide was demonstrated ( Fig. 2A) . We then showed that this lipoamide-dependent system supported the peroxidase activity of Ohr (Fig. 2B) . Interestingly, only Ohr, but not the other two Cys-based peroxidases from X. fastidiosa (PrxQ and AhpC) presented lipoyl-dependent peroxidase activity (Fig. 2B) . Parallel lines were obtained in Lineweaver-Burk plots, indicating a ping-pong reaction mechanism (Fig. 2C) , as expected for other Cys-based peroxidases (31, 32) . Using a bi-substrate kinetic approach (33) , K m values in the micromolar range for lipoamide and t-BHP were obtained (Table 1 , first lane; Supplementary Fig. 2 ). In contrast, millimolar amounts of H 2 O 2 are required to saturate Ohr (Fig. 2D) under non-limiting amounts of lipoamide. Therefore, Ohr reduced t-BHP at least ten thousand times more efficiently than H 2 O 2 ( Table 1) . The Ohr active site pocket is surrounded by several hydrophobic residues (11, 12) , which may explain the very high K m value for H 2 O 2 . This large difference in affinities for hydroperoxides has never been described before for other Cys-based peroxidases. Furthermore, the catalytic efficiency of Ohr to detoxify t-BHP (10 6 M -1 . s -1 ) is similar or even higher than other Cys-based thiol peroxidases (9, 34, 35) . This is the first detailed enzymatic characterization of a Cys-based peroxidase belonging to the Ohr family of proteins.
Reconstitution of the Ohr physiological reducing system-Initially, we cloned and expressed enzymes from X. fastidiosa predicted to have lipoyl binding domains ( Supplementary Fig. 3 (30) . In any case, recombinant SucB, PDHB and LpdA presented disulfide reductase activity ( Fig.  2A ). Then, we tested whether these lipoyldependent reducing systems were capable of supporting Ohr peroxidase activity. Both SucB and PDHB promoted Ohr-dependent peroxide removal in the presence of Lpd. Besides that, LpdA alone or in combination with SucB or PDHB also supported Ohr peroxidase activity (Fig. 3A) . Therefore, we have reconstituted three possible pathways involved in the decomposition of organic hydroperoxides. We also investigated whether other classical thiol-containing systems, well known reductants for other thiol peroxidases (peroxiredoxins and glutathione peroxidases), could act as alternative electron donors to Ohr. Recombinant thioredoxin and thioredoxin reductase from X. fastidiosa (TSNC and TRR, respectively) were obtained, and they presented disulfide reductase activity (Fig. 3B) . However, Ohr presented no peroxidase activity, even with the use of high concentrations of thioredoxin and thioredoxin reductase (Fig. 3C) . Under the same conditions, PrxQ from X. fastidiosa was active (Fig. 3C) . In fact, taking into account data from the literature, it is evident that the concentrations of thioredoxin and thioredoxin reductase employed here were high enough to support the enzymatic activity of other Cys-based peroxidases. (36, 37) . Some Cys-based peroxidases display peroxidase activity supported by glutathione or glutaredoxin (38, 39) . Therefore, it was relevant to investigate whether Ohr would present such activities. We previously observed that GSH does not support Ohr activity, even at very high concentrations (13) . We have now verified that glutaredoxin 1 and glutaredoxin 2 from Saccharomyces cerevisiae and glutaredoxin 1 from E. coli in the presence of GSH and glutathione reductase (GR) did not support Ohr peroxidase activity. We did not observe any NADPH consumption even using millimolar concentrations of GSH. Given the fact that 2 µM of lipoamide is sufficient to support Ohr peroxidase activity (Fig. 3A) , the glutathione system is probably not its physiological reductant. In conclusion, Ohr is highly specific for lipoylated enzymes among other biological reducing systems. To gain further insight into the physiological relevance of the interactions of Ohr with lipoylated enzymes, we performed bisubstrate kinetic analysis ( Supplementary  Fig. 2 ). The catalytic parameters of Ohr that were determined relative to SucB and PDHB were similar in comparison with free lipoamide (Table 1, Supplementary Fig. 2 ). Moreover, using saturating concentrations of t-BHP, we were able to analyze the dependence of the reaction on LpdA concentration (Fig. 3D) . The K m value for LpdA (13.5 ± 1.9 µM) was also very similar to that obtained for SucB and PDHB (Table  1) . Comparison of K m values is difficult because the parameters for SucB and PDHB (Table 1) were calculated in a fixed concentration of flavoenzyme (Lpd =1 µM), whereas for LpdA, the concentration of flavoenzyme present in the reaction mixture varies according to the value indicated on the x-axis (Fig. 2D ) because this enzyme possesses both an Lpd and a lipoyl binding domain (30) . To test whether the increase in peroxidase activity could also be influenced by an increase in Lpd concentration, we performed the assay in the presence of SucB and various concentrations of Lpd ( Supplementary  Fig.4 ). Increasing concentrations of Lpd did not influence the activity of the system, showing that the concentration of Lpd used in these assays was not rate-limiting. Moreover, to determine whether lipoylated enzymes are present in the cell at concentrations that make Ohr-dependent hydroperoxide reduction kinetically favorable, we employed semi-quantitative western blot analysis using anti-lipoic acid. SucB was the most abundant lipoyl protein, present at micromolar concentrations (0.9 µM). LpdA and PDHB could also be detected, although at lower concentrations (0.07 µM and 0.13 µM, respectively) (Fig.  1C) . Finally, we showed that recombinant OsmC (Osmotically inducible protein) from Escherichia coli, another Cys-based, thiolperoxidase belonging to the OsmC/Ohr family of proteins (10,14,15,16 ), had also its activity supported by lipoylated proteins from Xylella fastidiosa (Fig.4A) . Again, classic reducing systems such as thioredoxin and glutathione failed to support OsmC activity, even at high concentrations (Fig.  4B and 4C respectively) . Furthermore, addition of glutaredoxin 1 from E. coli to the glutathione system did not lead to NADH consumption dependent on OsmC activity (data not shown). These data suggested that the specificity for lipoyl-dependent systems is a common feature for proteins belonging to the Ohr/OsmC family.
DISCUSSIO
The results presented here indicate that lipoylated proteins (SucB, PDHB and/or LpdA) are the biological reducing agents for Ohr (Fig. 5) . Traditionally, proteinassociated lipoyl groups are viewed as electron acceptors in oxidative pathways, but they can also act in reductive processes (19) . For instance, lipoylated E2 from Mycobacterium tuberculosis reduces a thioredoxin-like protein (AhpD), thereby indirectly supporting the peroxidase activity of a peroxiredoxin (AhpC) (26) . Besides, it was also proposed that the reduced form of lipoylated enzymes could donate electrons to ribonucleotide reductase via Grx1 (40) . Interestingly, the redox state of the complexbound lipoate is an indicator of the availability of the reaction substrates (2-oxo acid, CoA and NAD + ) and thiol-disulfide status of the medium (19) . Importantly, levels of components belonging to the lipoamide system are probably present at concentrations capable of efficiently supporting Ohr peroxidase activity in vivo since these concentrations were in the range of the K m . values determined by bi-substrate kinetic analyses. In fact, in another bacteria (E. coli), whose cells were grown in minimal media, E1, E2 and E3 were identified as three out of the nineteen proteins most induced by aerobic growth after anaerobiosis ( 41, 42) . Levels of lipoic acid in bacterial cytosols are also abundant (43, 44) , making their ability to support Ohr peroxidase activity feasible. Remarkably, we did not find an orthologous of LplA (lipoate ligase), in X. fastidiosa genome. This enzyme is responsible for lipoylation of enzymes using exogenous lipoic acid as substrate (45) . However, we found all the three genes involved in the biosynthetic pathway of lipoic acid: LipA (Lipoyl synthase, XF1050), LipB (lipoyltranferase, XF1051) and ACP (acyl carrier protein, XF0672) (46, 47) . This finding is in line with the observation that the plant pathogen X. fastidiosa colonizes an environment with poor availability of nutrients. Interestingly, OsmC from E. coli was also reduced by lipoylated proteins from X. fastidiosa ( figure 4 ). This result indicates that lipoylated proteins may also be the physiological reductant for other members of the Ohr/OsmC family of proteins. It is important to mention that, a search in genome databank of X. fastidiosa revealed that there are at least three Grxs with variable lengths and active sites (XF 2066; XF2263; XF2323). Also, X. fastidiosa possesses at least another three thioredoxin like proteins (XF0992; XF1569 XF1714) besides TSNC (XF2343). Therefore, we cannot exclude the possibility that one of these Trxs and/or Grxs donate electrons to Ohr. This work is the first description of a protein endowed with lipoyl-dependent peroxidase activity. The ability of Ohr to utilize reducing equivalents from lipoyl sulfhydryls, its unique structure and the fact that it is exclusively present in many types of pathogenic bacteria might represent an unexplored microbial niche for new molecular scaffolds. This finding is relevant since antibiotic-resistant strains of pathogenic bacteria are increasingly prevalent (48) and several major classes of bactericidal antibiotics operate through the production of highly deleterious hydroxyl radicals in both Gram-negative and Grampositive bacteria (49) . Remarkably, lipoyl groups are essential for parasite survival in host cells (50, 51) and for virulence (52) . Indeed, the utilization of lipoylated proteins for Ohr reduction represents an emerging area of investigation (19) 
